DNA ends pose specific problems in the control of genetic information quality. Ends of broken DNA need to be rejoined to avoid genome rearrangements, whereas natural DNA ends of linear chromosomes, telomeres, need to be stable and hidden from the DNA damage response. Efficient DNA end metabolism, either at induced DNA breaks or telomeres, does not result from the machinelike precision of molecular reactions, but rather from messier, more stochastic processes. The necessary molecular interactions are dynamically unstable, with constructive and destructive processes occurring in competition. In the end, quality control comes from the constant building up and tearing down of inappropriate, but also appropriate reaction steps in combination with factors that only slightly shift the equilibrium to eventually favour appropriate events. Thus, paradoxically, enzymes antagonizing DNA end metabolism help to ensure that genome maintenance becomes a robust process.
Introduction
Maintaining genetic information, encoded in the chemical structure of DNA, is an essential biological process. This structure is, however, constantly challenged and changed in the course of normal DNA metabolism (Hoeijmakers, 2001 ). As DNA is essentially a very long polymer, it is susceptible to breakage. Discontinuities in this polymer are obvious threats to the integrity of genetic information. DNA ends, induced by mechanical stress, as well as endogenous and exogenous DNA-damaging agents, need to be recognized and fixed in a manner that avoids DNA sequence rearrangements . In contrast, naturally occurring DNA ends at chromosome termini, telomeres, need to be maintained and shielded from the normal cellular response to DNA ends (de Lange, 2005) . Conversely, telomeres should not be added to DNA ends arising internally in chromosomes.
DNA end metabolism requires quality control at several different levels. DNA breaks pose a particular problem for genetic information quality control because both strands are affected and one cannot serve as a template for the other. Thus, repairing double-stranded breaks (DSBs) can sacrifice accuracy by joining closely positioned ends without information quality control. However, although this process might be error prone at the DNA sequence level, it will avoid potentially more dangerous genome rearrangements. Alternatively, information from an intact and homologous DNA molecule can be used for recombinational repair. Recombinational repair is essentially a genome rearrangement event and therefore needs to be carefully controlled to prevent inappropriate rearrangements. Here we review recent progress in the understanding of some essential molecular mechanisms that assure quality in maintaining genetic information in the light of DNA ends, and in assuring the quality of the processes that affect their cellular processing.
DNA end metabolism by recombination
Homologous recombination can effectively and accurately repair DNA breaks using sister chromatids to recover genetic information that may have been lost at the break. Homologous recombination repair is essential during genome duplication, a particularly vulnerable event for the DNA double helix. Seemingly innocuous interruptions in one strand can be converted into DSBs and transiently exposed single strands, which can arise during lagging strand synthesis, and can break resulting in severed chromosomes (Liberi et al, 2006) . This creates one-ended DNA breaks that cannot simply be fixed by joining ends ( Figure 1A ; Cromie et al, 2001) .
The general repair pathway of homologous recombination can be described as an ordered set of DNA-processing events. These is recognition of a DNA end or single-strand gap by single-strand DNA-binding proteins, resection to reveal single-stranded DNA if necessary, recently shown to involve Sae2 in yeast and CtIP in mammalian cells (Limbo et al, 2007; Sartori et al, 2007; Takeda et al, 2007) , handoff to strand exchange proteins and their assembly into filaments on the single-stranded DNA, joint molecule formation between the single strand and a homologous duplex, exchange of base-paired partners between the single strand and homologous duplex partner, dissociation of the strand exchange machinery, and in some scenarios replication and eventual Figure 1 Metabolism at DNA ends. A schematic representation of DNA end metabolism by homologous recombination (left-hand side, under A), and non-homologous DNA end joining (middle, under B), telomerization (upper right-hand side, under C, and bottom right-hand side, under D). (A) Homologous recombination acts on one-ended DNA breaks that can arise from replication of a damaged template. Recognition and resection of the end yields single-stranded DNA with a 3 0 end. Subsequently, a joint molecule is formed by D-loop formation with the identical sequence on the sister chromatid in a reaction mediated by the RAD51 nucleoprotein filament formed on the single-stranded DNA. This reaction involves numerous mediators and/or regulators, including BRCA2 in mammals and Rad52 in S. cerevisiae. The Rad51 nucleoprotein filaments in S. cerevisiae, or RecA nucleoprotein filaments in the bacterium E. coli, that form at inappropriate places and be removed by DNA helicases such as Srs2 and UvrD, respectively. Promiscuous recombination due to the formation of D-loops at incorrect locations can be avoided due to DNA helicases, such as S. cerevisiae Sgs1. Eventually, resolution of the joint between the sister chromatids results in the re-establishment of the replication fork and concludes the accurate repair of the replication-associated one-ended DNA break.
(B) Two-ended DNA breaks, resulting from the direct action of DNA-damaging agents on both strands of the DNA, can be acted upon by the non-homologous DNA end-joining core components Ku70/80, DNA-Pkcs, DNA ligase IV, XRCC4, and XLF. When DNA end processing is required to create ligatable ends, endonucleases, such as Artemis, and DNA polymerases can act due to their interaction with the core components located at the ends. Rejoining of DNA breaks need not be accurate at the sequence level, but will avoid deleterious chromosomal translocations. (C) Telomeres, the natural DNA ends of linear chromosomes, are maintained during DNA replication by telomerase. They are protected form the DNA-damage response by their inclusion in a protein complex, termed shelterin. The 3 0 single-strand overhang of the telomeric DNA is invaded in upstream telomeric sequences forming a D-loop-like structure, called a T-loop. (D) Conversely, DSBs need to be protected from telomerase action to prevent the formation of telomeres at inappropriate locations. In S. cerevisiae cells, the action of telomerase is antagonized by the Pif1 helicase. After Pif1's action, more appropriate DSB repair processes have another chance to act and seal the break. Figure 1A ). Key essential proteins involved in most of these steps have been identified (Osborn et al, 2002; West, 2003; Krogh and Symington, 2004; Wyman et al, 2004; Sung, 2005) . Details of dynamic interactions between the known key proteins and DNA substrates are being revealed at a rapid pace. It is becoming increasingly clear that the dynamic instability of these protein-protein and protein-DNA assemblies offers important points of control (Symington and Heyer, 2006) . Indeed, since homologous recombination repair is a DNA-rearrangement event, inappropriate, incomplete, or uncoordinated activity could cause more genetic problems than those that initiated the repair process. Here we consider examples from recent work highlighting control points at key mechanistic steps in homologous recombination.
The central event of homologous recombination is a DNA strand exchange reaction catalysed by RecA-type recombinases, including Rad51 of eukaryotes and RadA of archaea (Yu et al, 2004; Wyman, 2006; Cox, 2007; Galletto and Kowalczykowski, 2007) . These recombinases all form functional molecular machines assembled into filaments along single-stranded DNA. DNA strand exchange is driven by the assembly, dynamic rearrangement, and disassembly of recombinase filaments on DNA. Although the dynamic nature of recombinase nucleoprotein filaments has long been appreciated, a coherent quantitative description has recently emerged from the application of a variety of single-molecule approaches (Galletto et al, 2006; Joo et al, 2006; Miné et al, 2007; Modesti et al, 2007b; van der Heijden et al, 2007) . Analysis of single complexes overcomes the complication of asynchronous reactions in bulk and provides rates for filament assembly and disassembly on single-and doublestranded DNA in defined conditions. Several key aspects of recombinase filament dynamics emerge as potential control points. For instance, Rad51, which binds well to both singleand double-stranded DNA, is now shown to disassemble 10 times slower from double-stranded DNA (van der Heijden et al, 2007) . Efficient disassembly may require additional coordination in two biologically important scenarios. First, Rad51 bound inappropriately to double-stranded DNA would have to be removed to free protein for appropriate action elsewhere. Second, a Rad51 filament bound to doublestranded DNA is the end product of strand exchange, but not the end of recombinational repair. The protein filament also needs to disassemble to allow further DNA-processing events. ATP hydrolysis is coupled to recombinase filament disassembly and this transition of high-energy cofactor provides an obvious intrinsic control point. In addition, cooperating proteins such as Rad54, a DNA-translocating motor (Tan et al, 2003; Amitani et al, 2006; Heyer et al, 2006) , are capable of removing Rad51 from double-stranded DNA both in vitro and in vivo (Solinger et al, 2002; Sugawara et al, 2003; Wesoly et al, 2006) .
The formation of strand exchange protein filaments on DNA specifically in need of repair, and not elsewhere, requires other collaborating proteins. Such activities are described in bacteria, where specific sets of proteins initiate recombinase filaments at the different DNA structure in need of repair (Cox, 2007) . Although much less well defined in mammalian cells, one likely candidate controlling this activity is BRCA2. A fungal BRCA2 homologue, and an engineered pared down version of the mammalian protein, do indeed nucleate Rad51 filaments specifically at single-strand/doublestrand DNA junctions such as those created by processing of broken DNA ends or stalled replication forks San Filippo et al, 2006) . Although the entire mammalian BRCA2 protein thus far is refractory to purification, biochemical analysis of specific conserved parts reveals definite but contradictory effects on RAD51-DNA filaments. The BRC domains of BRCA2 bind to RAD51 and prevent filament formation in some conditions (Pellegrini et al, 2002; Shin et al, 2003) but not in others (Galkin et al, 2005) . A different conserved domain of BRCA2 from its C-terminus has the opposite effect, binding across adjacent monomers in a filament and presumably stabilizing the structure (Davies and Pellegrini, 2007; Esashi et al, 2007; Petalcorin et al, 2007) . This last effect of a BRCA2 C-terminal fragment stabilizing RAD51 filaments is especially intriguing because the filament stabilization may be specific for single-stranded DNA in some cases (Petalcorin et al, 2007) and is regulated by DNA damage-responsive BRCA2 phosphorylation (Esashi et al, 2007) .
Recombinase-DNA filament dynamics also need to be controlled during strand exchange. This reaction, including three DNA strands bound by a recombinase filament, must be reversible at some stages. Therefore, a net strand exchange reaction likely depends on controlling the stability of the protein filament bound to these different DNA partners.
Although not yet experimentally demonstrated, the same recombination partner proteins mentioned above as modulators of filament stability on single-and double-stranded DNA, also likely exercise these activities during strand exchange. In addition, the extent of strand exchange or extension of heteroduplex DNA would depend on the length of interaction between recombining DNAs. The heteroduplex length needed to repair a two-ended DNA break and generate genetic diversity, such as in meiosis, may be longer than that needed to initiate new DNA synthesis at a stalled or broken replication fork. Thus, protein partners that recognize and control filament extension and stability in the context of specific DNA structures created during strand exchange are likely to be important. At least one protein, the RAD51-associated protein RAD51AP1, has recently been described to have such activity. RAD51AP1 has the combined binding specificities needed to influence joint molecule stability; it interacts with RAD51 as well as with specific DNA structures found at the joint molecule recombination intermediate (Wiese et al, 2007; Modesti et al, 2007a) .
Rad51 may also be bound to single-stranded regions that are not destined for a recombination event and the filament would have to be removed to avoid undesirable recombination events. For example, recombinase filaments may form inappropriately on single-strand DNA at stalled forks that can more easily be repaired without strand exchange, such as by translesion DNA synthesis (Eppink et al, 2006; Lehmann, 2006) . Thus, proteins that disrupt recombinase filaments on single-stranded DNA before strand exchange can be initiated also control the outcome of eventual repair events. For example, bacterial UvrD and eukaryotic Srs2 can disrupt RecA or Rad51 filaments on single-stranded DNA (Krejci et al, 2003; Veaute et al, 2003 Veaute et al, , 2005 . One idea is that filaments will form on single-stranded DNA exposed at stalled replication forks, but if not stabilized by other factors or proceeding into strand exchange reactions, the filaments need to be removed so that other factors, such as translesion DNA polymerases, can access the repair site. Alternatively, these enzymes act by disrupting all Rad51 filaments, including the ones destined for recombination. In this case, accessory factors (e.g., Rad52 and checkpoint proteins) that were recruited to the site remain, and these factors re-recruit Rad51 (Krogh and Symington, 2004; Paulsen and Cimprich, 2007) . On the other hand, the filaments that occurred at inappropriate sites without the accessory factors do not reappear, effectively eliminating potential harmful recombination outcomes. It is this constant building up and tearing down that in the end results in a shift in the equilibrium to favour appropriate events.
One intriguing new study indicates that homologous recombination proteins may be involved in assuring genome integrity without promoting homologous recombination. Although we have focused on eukaryotic and mammalian proteins and processes, greater mechanistic detail is available for bacterial systems. Using purified bacterial components, it is possible to reconstitute sophisticated recombination and also replication scenarios in vitro. In such a defined in vitro situation, the result of stalling a leading-strand DNA polymerase has recently been determined to have two important consequences (McInerney and O'Donnell, 2007) . First, the replication fork helicase continues to advance, creating a single-stranded gap on the leading-strand template. Second, the stalled DNA polymerase itself stays associated at the primer-template junction. Thus, a leading-strand block specifically results in an immobile DNA polymerase in front of a single-stranded gap, defining this structure as one needing recognition and processing. The stalled DNA polymerase has to be removed before replication restarts, which likely requires stalled nascent strand pairs with a new template or requires loading of a less accurate DNA polymerase. At least in vitro, RecA can come to the rescue by forming a filament on the single-stranded gap growing towards the DNA polymerase and displace this stalled protein (McInerney and O'Donnell, 2007) . Thus, a RecA filament acts to control the quality of a stalled fork, in a manner at least in principle independent of strand exchange activity.
The DNA strand exchange reactions aimed at repairing DNA breaks create branched DNA structures with intertwined strands from different chromosomes. These are required to effect eventual repair, but can cause problems without further processing. Indeed, such DNA structures may be recognized as damage and can themselves be impediments to genome duplication and cell division. The dangers of incomplete, aberrant, or hyper recombination are evident in the absence of structure-specific helicases of the RecQ family (Myung et al, 2001b; Cheok et al, 2005) . Among these helicases, the importance of BLM and WRN is especially clear, as their absence causes cancer predisposition in humans (Seki et al, 2006; . The RecQ family helicases have been described as 'dissolvases' or 'disruptases' based on their presumed ability to process or reverse branched DNA structures created by strand exchange during recombination. Recently, the yeast BLM ortholog, Sgs1, has specifically been shown to suppress the formation of multi-chromatid joint molecules (Oh et al, 2007) . In the same work, it was concluded that multiple and sequential strand invasion events are a consequence of the normal homologous recombination mechanism. Promiscuous recombination may not be rare at all, highlighting the need to not only control the initiation of strand exchange, but also to resolve the results of potentially deleterious unproductive strand invasion events.
DNA end metabolism by end joining
In the above sections, we discussed the homologous recombination-mediated repair of one-ended DNA breaks that mostly arise when replication becomes compromised due to irregularities in the DNA template. However, not all DNA ends are created equal and the circumstances under which DNA breaks are generated result in DNA substrates that require different repair paths. When DNA breaks are generated in the G1 phase of the cell cycle, homologous recombination will be a very ineffective repair pathway due to the lack of a sister chromatid that normally serves as the repair template. A major difference between the breaks generated in the context of replication versus those generated in a replication independent manner is that the latter will contain not one but two DNA ends. For example, two-ended DSBs can be generated directly by DNA-damaging agents such as ionizing radiation or through the improper functioning of a type 2 topoisomerases in the course of normal DNA metabolism. As opposed to one-ended breaks, repair of two-ended breaks can be accomplished by simply ligating them together. This is achieved by the non-homologous DNA end-joining pathway ( Figure 1B ; Lees-Miller and Meek, 2003; Lieber et al, 2003; Wilson, 2007) .
The simplest breaks to be handled by non-homologous DNA end joining are those with a chemical composition that allows direct ligation. In these cases, joining requires the 'core' components of non-homologous DNA end joining, which include the Ku70/80 heterodimer, the DNA-dependent protein kinase catalytic subunit (DNA-PKcs), XRCC4, XLF, and DNA ligase IV (Wilson, 2007) . The Ku70/80 protein complex plays a central role. It provides specificity to the reaction through its ring-shaped structure that has a high affinity for DNA ends. Furthermore, it can be viewed as a 'tool belt' because many proteins involved in the reaction interact with the Ku70/80 complex (Lieber et al, 2003) . In this sense, the complex resembles proliferating cell nuclear antigen, the DNA polymerase processivity factor, which also encircles DNA and interacts with numerous proteins that provide essential DNA-processing steps during replication (Moldovan et al, 2007) . Association of DNA-PKcs with the DNA end-bound Ku70/80 complex results in translocation of the complex approximately one helical turn away from the DNA ends, thereby facilitating their juxtaposition and access of other proteins to the terminal nucleotides at the break ends (Yoo and Dynan, 1999; Kysela et al, 2003) . For the core reaction, this involves access of the DNA ligase IV/XRCC4/ XLF complex to the ends (Lees-Miller and Meek, 2003; Meek et al, 2004; Revy et al, 2006; Sekiguchi and Ferguson, 2006; Yano et al, 2007) . This complex can covalently link the ends together through the DNA-binding activity of the XRCC4 and XLF proteins and DNA ligase IV-mediated phosphodiester bond formation between 3 0 hydroxyl and 5 0 phosphate groups of the terminal nucleotides on either side of the break.
The core reaction described above can only work efficiently when the break arises by the precise cleavage of phosphodiester backbone of the DNA. However, the action of DNA-damaging agents on DNA will rarely results in such 'clean' breaks. Instead, interaction of ionizing radiation and reactive oxygen species with DNA results not only in phosphodiester breakage, but also damages the structure of the bases and the deoxyribose moiety (Barlow et al, 2008) . Thus, in addition to the core components of non-homologous DNA end joining, a number of other proteins will be required to process non-ligatable remnants of terminal nucleotides, remove secondary DNA structures or covalently bound modifications, such as proteins. The proteins employed to cleanse the ends are endonucleases and are templateindependent as well template-directed DNA polymerases.
Artemis is one such important nuclease involved in nonhomologous DNA end joining (Moshous et al, 2001; Ma et al, 2005a) . This protein is a broad-specificity endonuclease (Ma et al, 2002 (Ma et al, , 2005b Goodarzi et al, 2006) and is therefore very useful for adjusting DNA ends that can be modified in numerous and combinatorial ways. Indeed, in the absence of Artemis, a significant number of ionizing radiationinduced breaks remain unjoined (Riballo et al, 2004) . Artemis physically interacts with DNA-PKcs. This interaction is not only important for the localization of Artemis to DNA ends, but also for the activation of its enzymatic activities. The activation of nucleases by other components of a pathway in which the nuclease acts, is a common theme in DNA metabolism and adds a level of quality control to the reaction . Especially in the case of nucleases, their destructive action on DNA needs to be targeted to a specific location, in this case DNA ends, and must be initiated only when other components required for downstream repair steps are available. Thus, the activation of Artemis through DNA-PKcs, which in turn binds to the DNA end-marking Ku70/80 heterodimer, provides an important level of quality control to the non-homologous DNA end-joining reaction.
In addition to nucleases, the involvement of DNA polymerases in the non-homologous DNA end-joining reaction provides a great increase in the type of DNA ends that can be joined (Nick McElhinny and Ramsden, 2004) . After DNA end processing results in terminal nucleotides with 3 0 hydroxyl and 5 0 phosphate groups, the two ends to be ligated can consist of all possible combinations of 3 0 single-strand protrusions, 5 0 single-strand protrusions, or flush ends. Some combinations of ends cannot be joined efficiently and others create gaps once joined. At least three DNA polymerases can play a role in sealing breaks in the context of nonhomologous DNA end-joining; terminal deoxynucleotidyl transferase, which can add nucleotides to the ends of DNA in an untemplated manner, and the translesion DNA polymerases pol-mu and pol-lambda (Ma et al, , 2005a Nick McElhinny and Ramsden, 2004; Nick McElhinny et al, 2005) . The translesion DNA polymerase can fill gaps that can occur when one of the two strands of each end is ligated to its partner, and they can add nucleotides to a strand at one end of the break that are templated off the strand at the other DNA end before this template strand is covalently sealed.
The plethora of activities required to seal a 'dirty' break by non-homologous DNA end joining needs to be orchestrated. However, this may not happen in an organized linear manner in which completed reaction steps are handed down a predetermined reaction pathway. As mentioned above, a central role will be played by the Ku70/80 heterodimer because its binding specificity localizes the complex to DNA ends in need of repair. Furthermore, the complex interacts not only with other core components but also with the end-processing factors (Wilson, 2007) . When repairing a clean break, the ligatable ends, held in close proximity by the Ku70/80 heterodimer complexed with DNA-PKcs, can be sealed using just the other core components of non-homologous DNA end joining. However, when dirty DNA ends are engaged by Ku70/80, accessory DNA-processing components, such as Artemis and DNA polymerases, can act if the particular DNA end is the appropriate substrate for their respective activities. A reversible interaction of the DNA end-processing factors with Ku70/80 is highly advantageous for the flexibility of the reaction in terms of the type of DNA ends that can be joined. It eliminates the need for a strict order in which processing steps need to occur, while still providing close juxtaposition of the ends throughout the different processing reactions. Furthermore, it provides an opportunity for the end-processing factors to act independently on each of the four DNA strands. Stable pre-existing holo-complexes would not provide this level of flexibility (Essers et al, 2002) , which arise instead from the dynamic stochastic interaction of DNA end-processing factors with the core components of non-homologous DNA end joining. Keeping the DNA ends to be joined in close proximity during the processing steps would then be the only 'orchestrated' step in the reaction (Kaye et al, 2004; Lisby and Rothstein, 2004; Lobachev et al, 2004) .
In this sense, quality control in DSB repair through nonhomologous DNA end joining is a matter of generating DNA ends that have the correct chemistry and overhang for ligation. This appears to be achieved by a level of chaos in the system rather than predetermined ordered interactions among the involved components. From the point of view of DNA sequence quality after the break has been sealed, nonhomologous DNA end joining is clearly much more error prone than homologous recombination. However, the pathway is still important for genome stability, as there are situations in the cell in which homologous recombination cannot be used for DSB repair. The importance of nonhomologous DNA end joining is to rejoin a broken chromosome, rather than allowing the broken chromosome to persist with the potential to eventually give rise to a chromosomal translocation Aplan, 2006; Franco et al, 2006; Lieber et al, 2006; Povirk, 2006; Weinstock et al, 2006) . In terms of the risk for cellular transformation leading to cancer, mutations at the break site are more easily tolerated in diploid cells than aneuploidy that can result from chromosomal translocations.
Telomeres and DNA end metabolism
Quality control of the natural DNA ends of linear chromosomes, telomeres, is an essential aspect of DNA metabolism. Telomeres need to be maintained in replicating cells because consecutive rounds of DNA replication will otherwise erode them (Watson, 1972) . This problem is solved by telomerase, a reverse transcriptase that adds deoxynucleotides to the telomeres using an RNA template (Greider and Blackburn, 1987) . Part of the normal process of telomere elongation is the recognition of the ends, a measurement of sort, to determine which ends are in need of lengthening (Chang et al, 2007) . Furthermore, to avoid triggering the cellular DSB response, telomeric DNA ends are packaged in a multi-protein complex referred to as shelterin. The 3 0 single-strand overhang at the telomeres is made up of repetitive sequences, which are tucked away in duplex versions of the repeats, forming T-loop structures that are structurally related to D-loops ( Figure 1C ; de Lange, 2005) .
On the other hand, when DSBs are formed internally in chromosomes, they need to be protected from telomerization. In Saccharomyces cerevisiae, the Pif1 helicase appears to have an essential role in this process (Boule et al, 2005) . The RNA-DNA hybrid intermediate in the telomerase reaction is exquisitely sensitive to the Pif1 helicase, which can efficiently unwind these hybrids. At first glance, it seems antithetical to have an efficient helicase that reverses the first step of the reaction. In fact, it is the step that will eventually lead to telomere elongatation and capping. However, it is clear from the phenotype of PIF1 deletions that this helicase activity serves an important quality-control function. First, pif1D cells show a dramatic increase in gross chromosomal rearrangements that are almost exclusively restricted to new telomere additions at or near a likely break point (Myung et al, 2001a) . Second, the sequences that are used for the new telomere addition can be as short as 3-6 nucleotides of TG-rich telomeric repeat sequences (Kramer and Haber, 1993; Putnam et al, 2004) . Although not proven, it is tempting to speculate that the one of the major roles of Pif1 is to melt incorrect DNA-RNA hybrids before they are made into natural telomeric DNA ends that will persist and result in the loss of distal information on that chromosome ( Figure 1D ).
The simplest interpretation is that Pif1 melts correct as well as incorrect DNA-RNA hybrids that could be used to generate telomere addition to both appropriate and inappropriate telomere addition sites. The net effect of this action is that incorrect sites are dissipated before they become permanent telomeres and break the chromosome. On the other hand, although correct sites will also be destroyed, they will reform at a much higher rate, as the precursors to telomere addition will still exist at those correct sites, increasing the rate of reformation by the telomerase complex. The net effect of these reactions is a reduction in the potential to add telomeric sequences to inappropriate internal chromosomal sites, without a subsequent reduction in the efficiency of the process at the correct sites. This kind of quality control is destined to increase the net amount of normal telomere addition.
Perspective
An important concept in quality control during DNA end metabolism is the necessary reversal of partial reactions and elimination of aberrant DNA structures. New members to the family of proteins participating in quality control at DNA ends and the different DNA structures they recognize are actively being identified. In addition, the apparent coordination of the actions needed to repair DNA breaks and maintain stable chromosome ends is not a linear pathway, but rather a path in a network of molecular interactions. The often stated 'choices' attributed to molecules within cells are really nothing more than networks of competing pairwise interactions influenced by binding affinities, local concentrations, and reversible conformational changes. Quantitative details of interaction parameters should reveal steps where control can be effectively exercised. These details are the puzzle pieces needed to determine the interconnected interactions that result in efficient genome maintenance networks. Quality control through destruction or reversal of intermediate steps in DNA end metabolism comes at a cost. Not only will inappropriate processes be reversed, but it is inevitable that legitimate processing events will also be aborted or reversed. The appropriate reaction for specific DNA ends will eventually occur when DNA end metabolism has another go at the end. Thus, paradoxically, enzymes antagonizing DNA end metabolism ensure that genome maintenance is not only a flexible but also an extremely robust process.
